logical evidence linking the production of superoxide, hydrogen peroxide, and nitric oxide in the renal medullary thick ascending limb of Henle (mTAL) to regulation of medullary blood flow, sodium homeostasis, and long-term control of blood pressure is summarized in this review. Data obtained largely from rats indicate that experimentally induced elevations of either superoxide or hydrogen peroxide in the renal medulla result in reduction of medullary blood flow, enhanced Na ϩ reabsorption, and hypertension. A shift in the redox balance between nitric oxide and reactive oxygen species (ROS) is found to occur naturally in the Dahl salt-sensitive (SS) rat model, where selective reduction of ROS production in the renal medulla reduces salt-induced hypertension. Excess medullary production of ROS in SS rats emanates from the medullary thick ascending limbs of Henle [from both the mitochondria and membrane NAD(P)H oxidases] in response to increased delivery and reabsorption of excess sodium and water. There is evidence that ROS and perhaps other mediators such as ATP diffuse from the mTAL to surrounding vasa recta capillaries, resulting in medullary ischemia, which thereby contributes to hypertension.
REACTIVE OXYGEN SPECIES (ROS) are chemically reactive molecules derived from oxygen, whose role as mediators of intracellular signaling cascades is well recognized. The following is a brief review of physiological data linking superoxide (O 2 ·Ϫ ), hydrogen peroxide (H 2 O 2 ), and nitric oxide (NO) production in the medullary thick ascending limbs of Henle (mTAL) to sodium (Na ϩ ) homeostasis, the regulation of medullary blood flow (MBF), and the long-term regulation of arterial blood pressure. MBF to the renal medulla can be importantly controlled by the constriction and dilation of the descending vasa recta (VR) capillaries, which branch from the efferent arterioles of the juxtamedullary glomeruli (49, 147, 149) and whose tone is controlled by the smooth muscle-like pericytes (49, 90, 146 -149) . The role of NO cross talk from mTAL to surrounding VR in the renal medulla has been reviewed in detail elsewhere (19, 33) and will be discussed here largely with regard to its ROS-related counterregulatory functions. The present review will first summarize data showing that either the excess endogenous production or reduced scavenging of O 2 ·Ϫ or H 2 O 2 within the renal medulla results in a decrease in MBF and Na ϩ excretion, leading to hypertension and renal injury. Second, evidence will be summarized supporting the hypothesis that a high dietary salt intake results in increased luminal flow and delivery of NaCl to the mTAL, thereby signaling via both mechanical forces (stretch and shear) and increased Na ϩ transport, an increased mitochondrial and membrane NA-D(P)H oxidase production of O 2 ·Ϫ and H 2 O 2 . Third, studies will be reviewed showing that reduction of MBF leads to hypertension and renal injury when either a pharmacologically induced or a naturally occurring imbalance of the normal redox state is present in the renal medulla as is found in the Dahl salt-sensitive (SS) rat.
Role of O 2 ·Ϫ and H 2 O 2 in the Regulation of Medullary Blood Flow and Na ϩ Excretion
Medullary O 2 ·Ϫ . The production and interaction of O 2 ·Ϫ and NO are acknowledged to be important determinants of vascular function in a variety of normal and pathological states (25, 70, 77, 89) . Evidence that ROS could play an important role in renal dysfunction and injury related to hypertension emerged in the late 1990s (195) . The major source of ROS in the kidney is NAD(P)H oxidase (61, 186, 206) , but the roles of specific Nox isoforms such as Noxs 1, 2, and 4 and the mechanisms of their regulation have not been well elucidated. As discussed below, Nox2, which is expressed in high abundance in several tissues, has been the most studied. This multisubunit enzyme is composed of the membrane subunits gp91 phox and p22 phox and the cytosolic subunits p47 phox , p67 phox , p40 phox , and Rac 1 or 2 (151) . All of the cytosolic subunits assemble on the membrane upon activation, allowing the enzyme to generate superoxide (O 2 ·Ϫ ). However, the most abundant isoform in the kidney is recognized to be Nox4. This isoform is unique in that it releases predominantly H 2 O 2 (9, 61, 137) , which cannot scavenge nitric oxide (NO) (44) . There have been, as yet, no studies to determine the role of Nox4 in a naturally occurring form of hypertension nor are there studies that have evaluated the role of Nox4 in Na ϩ homeostasis. Studies focused initially on renal cortical oxidative stress, which was found to accompany hypertension in several experimental models including spontaneously hypertensive (SHR) rats, angiotensin II (ANG II)-induced hypertensive rats, renovascular hypertension, DOCA-salt hypertensive rats, and obesity-related hypertension (194) . Additionally, a high dietary salt intake was found to exert a powerful influence upon the rate of renal cortical O 2 ·Ϫ generation, as characterized by increased mRNA expression levels of the NAD(P)H subunit, gp91(phox) and p47(phox) (93) . Also contributing to elevated ROS generation was the diminished expression of O 2 ·Ϫ scavengers CuZn-SOD and (Mn)-SOD despite suppression of the renin-angiotensin system (93, 119, 186) .
Intrarenal sources of ROS production were initially characterized in Sprague-Dawley (SD) rats (114) and consomic SS.13 BN (206) rats, a strain with the Brown Norway chromosome 13 introgressed into the SS background shown to be relatively salt resistant (34) and commonly used as a genetically inbred control strain for physiological studies (185) (186) (187) . These studies showed that NAD(P)H oxidase accounted for nearly half of all ROS production in the cortex and medulla, with mitochondria accounting for the remaining half (186, 206) . The renal outer medulla exhibited the greatest levels of enzyme activity for O 2 ·Ϫ production per gram tissue followed by the renal cortex with the least in the inner white medulla (e.g., papilla).
Evidence that medullary O 2 ·Ϫ production could play an important role in Na ϩ excretion and in hypertension was revealed by studies in which the SOD inhibitor diethyldithiocarbamic acid (DETC) was infused into the renal medullary interstitial space of SD rats, both acutely (206) and chronically (114) . In previous studies, we had shown hemodynamic effects (decreased MBF and hypertension) of substances infused directly into the medullary region, effects that were not exhibited when infused at the same dose systemically (108, 127) . As shown in Fig. 1 , acute medullary infusion of DETC produced a marked decrease (ϳ50%) in renal MBF (Fig. 1A ) and a reduction of Na ϩ , K ϩ , and volume excretion (Fig. 1B ) in the absence of changes in mean arterial pressure (MAP) and cortical blood flow (CBF). Conversely, the infusion of the membrane-permeable SOD mimetic tempol increased MBF and Na ϩ excretion by 34 and 69%, respectively, even in the presence of the NOS inhibitor N -nitro-L-arginine methyl ester (L-NAME) (206) . It was evident from these responses that endogenously produced O 2 ·Ϫ in the renal outer medulla was capable of exerting a tonic regulatory action on renal MBF and Na ϩ excretion even in the presence of ubiquitous scavenging systems. The consequences of sustained elevations of medullary interstitial O 2 ·Ϫ were then studied by chronic infusion of DETC directly into the medullary interstitium of the single remaining kidney of an SD rat for a period of 5 days (114) . A seen in Fig.  2 , this resulted in a large reduction in MBF as determined in unanesthetized rats using implanted optical fibers and laserDoppler flowmetry techniques. Importantly, MAP rose nearly 20 mmHg over the 5 days of DETC infusion, which was associated with nearly an eightfold increase in medullary interstitial O 2 ·Ϫ levels determined by microdialysis (Eth/DHE ratios) at the end of the study. Notably, similar to acute experiments with DETC, no changes in cortical interstitial O 2 ·Ϫ levels were observed following 5 days of medullary DETC infusion. Intravenous infusion of the same amounts of DETC had no effects on any of these variables, indicating that the hypertension was of primary renal medullary origin. It was concluded from this study that by reducing O 2 ·Ϫ scavenging, the resulting sustained elevations of O 2 ·Ϫ within the renal medulla alone could produce a sustained reduction of MBF and lead to hypertension.
Medullary H 2 O 2 .
H 2 O 2 has received little attention as a potentially important paracrine and/or autocrine molecule within the kidney compared with O 2 ·Ϫ . However, H 2 O 2 is highly reactive and relatively stable in aqueous solutions and under physiological conditions catalase can convert it into water and molecular oxygen without the cost of reduction equivalents (3, 10, 16) . It has been generally thought that H 2 O 2 could easily diffuse from the cells into the interstitial space in a manner similar to NO (100) and with a greater radius of diffusion than O 2 ·Ϫ would serve more effectively as a paracrine signaling molecule. Although this is generally true of small and nonpolar molecules that easily cross the hydrophobic membrane lipid bilayer by simple diffusion, H 2 O 2 has a permanent dipole moment very similar to water, and passive diffusion is similarly limited (17, 116, 169, 175) . Recently, direct evidence was obtained in mammalian cells showing that aquaporin-3 (AQP3) and -8 (AQP8) but not aquaporin-1 (AQP1) can facilitate the uptake of H 2 O 2 (125) . This was demonstrated by using a highly H 2 O 2 -selective small-molecule fluorescent indicator, peroxy yellow 1 methyl ester (PY1-Me) in HEK-293 and HeLa cells. The potential physiological consequences of AQP3-regulated H 2 O 2 permeability was determined by studies demonstrating the ability of endogenous AQP3 to amplify or diminish downstream native signaling pathways such as growth factor stimulation (125) . The molecular and physiological regulation of channels able to conduct H 2 O 2 needs to be explored in the epithelial cells of the medullary tubules since there is evidence that H 2 O 2 may serve as a paracrine signaling molecule in the renal medulla.
A series of studies has demonstrated that H 2 O 2 , independently of O 2
·Ϫ
, is an important participant in the regulation of MBF and Na ϩ excretion. A specific role for H 2 O 2 was initially suggested by observations that the antioxidant tempol, a membrane-permeable SOD mimetic, was unable to prevent the development of hypertension induced by the chronic medullary infusion of the SOD inhibitor DETC (114) . The failure of tempol to prevent hypertension in these circumstances can be explained by studies of Krishna et al. (97, 98) , who showed that although tempol dismutates two O 2 ·Ϫ molecules enabling it to act as a SOD mimetic, at high concentrations it also reacts with protonated superoxide (OOH) to produce H 2 O 2 and oxoammonium. Evidence that this reaction was relevant to our observations was obtained when it was found that coinfusion of catalase together with tempol into the medullary interstitial space prevented the DETC-induced hypertension (115) , indicating an important role for H 2 O 2 .
Studies then demonstrated that acute infusions of H 2 O 2 into the renal medullary interstitial space of SD rats reduced MBF in a dose-related manner, responses which were inhibited by catalase (29) . A dose that produced a doubling of medullary interstitial H 2 O 2 concentrations (from 116 to 211 nM) as determined by microdialysis, reduced MBF by 31% and resulted in a marked reduction of urine flow rate (50%) and Na ϩ excretion (47%). The basal H 2 O 2 concentrations of the medullary interstitial fluid (100 -110 nM) of SD rats were determined to be twice as high as that found in the cortical dialysate (ϳ 56 nM) (29) . These basal levels of endogenously produced H 2 O 2 within the renal medulla were found to exert a moderate tonic constrictor effect on the medullary circulation as shown by a 10% increase in MBF with medullary catalase administration associated with a reduction of medullary H 2 O 2 levels from 116 to 43 nM. This response was also accompanied by an increase in Na ϩ and water excretion of 16 and 12%, respectively (29) .
The consequences of chronic elevations of medullary H 2 O 2 were determined by infusing H 2 O 2 directly into the renal medulla of a single remaining kidney of SD rats in amounts that produced a threefold elevation of medullary interstitial H 2 O 2 concentrations. This resulted in sustained hypertension (115) . Of relevance, the medullary H 2 O 2 concentrations achieved in these infusion studies were quite similar to those levels measured in studies in which we chronically infused DETC and tempol into the renal medulla (114 (68) , and over the past 25 years much has been learned about the mechanisms underlying these responses (32) . The prevailing hypothesis to explain the increase in Na ϩ and water excretion with elevations of renal perfusion pressure is based on observations that MBF is poorly autoregulated compared with cortical flow and GFR, a response that is exaggerated with volume expansion (30) . As a consequence of the increase in MBF, a corresponding increase in VR capillary pressure occurs, resulting in a rise in interstitial hydrostatic fluid pressure throughout the encapsulated kidney (55) . This increase in interstitial pressure in turn signals mechanisms which inhibit Na ϩ reabsorption by the proximal tubules. This response is at least partially mediated by an increase in 20-hydroxyeicosatetraenoic acid (20-HETE), which in turn inhibits Na ϩ -K ϩ -ATPase activity and an internalization of apical Na ϩ /H ϩ exchangers, resulting in a greater delivery of NaCl to the mTAL and distal tubules (196, 202) . Reductions in Na ϩ reabsorption in deeper nephron segments also occur, which are likely to be a result of washout of the medullary solute gradient and reduced passive reabsorption of sodium (30) . Since this overall mechanism is triggered by the rise in MBF, much effort has been made to understand the mechanisms that regulate flow to the medulla (146) .
Given the ability of elevations in H 2 O 2 to reduce MBF and Na ϩ excretion and with NO having the opposite effect, the impact of increased renal perfusion pressure (RPP) upon H 2 O 2 and NO production was determined in SD rats. H 2 O 2 production in the renal medulla was found to be highly sensitive to acute increases in RPP. As pressures were increased in ϳ30-mmHg steps between 80 and 150 mmHg, significant increases in medullary interstitial H 2 O 2 concentrations were observed along with parallel increases in urinary excretion of H 2 O 2 ( Fig.  3A) (84) . Since increases in medullary H 2 O 2 reduce Na ϩ excretion, these observations indicate that H 2 O 2 plays a modulatory role in reducing the steepness of the pressure-natriuresis relationship, serving to dampen the pressure-natriuresis response. Also, as was recognized (49, 52, 65, 80, 113) , medullary NO x (NO 2 /NO 3 ) and urinary excretion of NO also increased with an increase in RPP, as demonstrated in Fig. 3B . It therefore appears that both H 2 O 2 and NO serve as important modulators of pressure-natriuresis. A shift in the balance of the production or scavenging of either of these reactive compounds would therefore be expected to alter the sensitivity (slope and intercept) of the pressure-natriuresis response. It is clear from these studies that a critical redox balance must be achieved between ROS and NO production in the renal medulla to retain a normal pressure-natriuresis relationship. If the balance is shifted toward a greater production of ROS, as observed in SS rats discussed below, a reduction in the slope of the pressurenatriuresis response would be expected with increased salt sensitivity, as has been observed (159, 161) .
Some investigators have ascribed a more fundamental role to NO in pressure-natriuresis and propose it as the cause of this phenomena (113) since NO has been shown to reduce Na ϩ reabsorption (56, 106) . Although the natriuretic nature of NO is undisputed, it has been found that a potent pressure-natriuresis response occurs in rats even when NOS is inhibited (67) . In SD rats infused either acutely or chronically with L-NAME, although the pressure-natriuresis relationship is shifted to a higher operating point, the rise in RPP is accompanied by increased Na ϩ excretion (67). These observations indicate that NO is an important modulator of pressure-natriuresis, but not the fundamental mechanism driving the relationship between RPP and Na ϩ excretion. ϩ delivery on ROS production in the mTAL is important to understand since the tubules appear to be the major source of NAD(P)H oxidase. A large proportion (25-30%) of the filtered Na ϩ is absorbed by the mTAL, a function that is critical for body Na ϩ homeostasis and survival. The active transport of Na ϩ in the mTAL results in high levels of mitochondrial oxygen utilization further enabled by levels of mitochondrial cell density, which are among the highest in the body, including the heart (7, 20, 45, 94) . Since ROS levels within mitochondria are 5-to 10-fold higher than other cytosolic and nuclear compartments, mTAL mitochondria would be expected to have developed strong systems to protect from the highly damaging effects of oxidant stress. However, this appears not to be the case and this vulnerability is made even more challenging due to the limited supply of blood flow to the outer medulla relative to the high oxygen needs of the mTAL. The mTAL are nourished only through the descending VR that are capable of providing an amount of oxygen barely exceeding basal needs. With the outer medulla operating on the brink of hypoxia (18, 50) , either a reduction of blood supply or an increased metabolic load can generate greater amounts of ROS production in the mTAL. The metabolic work of the mTAL is increased as more Na ϩ is delivered to the loop of Henle, an event that occurs with a rise in renal perfusion pressure or a greater filtration of NaCl as seen with high-salt feeding, hypertension, and the early stages of diabetes (134, 154, 196, 202) . It is also relevant that increased delivery of NaCl to the loop of Henle driven by increased filtration is also the basis of the well-characterized tubuloglomerular feedback (TGF) responses initiated from the macula densa cells situated at the mTAL transition into the distal tubules (73) .
Consequences of Increased mTAL Luminal Flow and Na
Tubular microperfusion studies have determined that increased luminal flow within the physiological range to the mTAL provides powerful stimuli for ROS and NO production (1, 22, 32, 56, 74) . These responses are mediated by mechanical factors of stretch, pressure, shear stress, and ion delivery. Although all of these increase in parallel when flow is increased, various elements of these factors mediate ROS and NO production in the mTAL in different ways (1, 21, 74, 75) . It has been estimated that nearly 50% of the increase in mTAL O 2 ·Ϫ production in response to normal increases in luminal flow can be attributed to mechanical factors and, most specifically, cellular stretch, since increases in transmural pressure or shear stress do not alone stimulate O 2 ·Ϫ production (57, 74 ·Ϫ production in the mTAL, and attention must be paid to both of these variables to accurately predict the overall responses.
NO production in the mTAL is also stimulated by increases in luminal flow as demonstrated in several laboratories (1, 22, 144) . However, the extent to which mechanical forces vs. luminal [Na ϩ ] participates in this process is unsettled. Garvin and associates (22, 144) determined that the NO responses were mediated by apical wall shear stress rather than pressure as signaled though a cGMP/PKG-dependent pathway. However, they also found that ion-free perfusates made no difference to the NO responses and concluded that [Na ϩ ] delivery or transport was not an important factor in NO production. In contrast, studies by Abe and colleagues (1), as shown in Fig.  4D , found that increases in luminal [Na ϩ ] act to suppress mTAL luminal NO production. At low concentrations of luminal Na ϩ (60 mM) when O 2 ·Ϫ production was low, the rate of intracellular levels of NO production was high. When luminal [Na ϩ ] was increased to 149 mM, in the absence of any change in luminal flow rates (15 nl/min), there was a reduction in the rate of mTAL NO production. O 2 ·Ϫ production became quite elevated at luminal [Na ϩ ] of 149 mM, which probably accounts for the associated reduction in NO production. These responses are consistent with the known interactions of O 2 ·Ϫ and NO (79) and consistent with observations that decreases in O 2 ·Ϫ concentrations with the SOD mimetic tempol increased NO production in the mTAL (143) .
Further studies will be needed to resolve these observed differences between laboratories and to elucidate the signaling pathways involved in these responses. For example, reduction of O 2 ·Ϫ in the presence of high levels of NO may not occur simply by scavenging since there is also formation of ONOO Ϫ . It has also been estimated that ϳ20% of the net O 2 ·Ϫ production is NO insensitive and that part of flow-induced O 2 ·Ϫ may be generated in a compartment different from flow-stimulated NO (74) .
H 2 O 2 production in mTAL. Given the lack of robust and selective fluorescent indicators for determining H 2 O 2 changes within living cells, there has been limited knowledge about mTAL H 2 O 2 production. Probes used for fluorescence imaging to a greater or lesser extent have limitations of selectivity or sensitivity. The most commonly used oxidant-sensitive dye able to penetrate cells is dihydrodichlorofluorescin (DCFH 2 ) which is oxidized to DCF. This probe, however, does not react directly with H 2 O 2 and is oxidized by many radical species or metal-dependent processes and the signal intensity can be changed without increases or decreases in H 2 O 2 production. The limitations to the use of DCF have been critically analyzed and reviewed by others (13, 44, 88, 112, 184, 192) .
Newer generation "non-redox" fluorescent probes are now being developed which exhibit greater stability and cellular localization in living cells (27, (41) (42) (43) . One such probe is mitochondria peroxy yellow 1 (Mito-PY1) (41) , which colocalizes with Mitotracker deep red and was used to assess H 2 O 2 levels in isolated mTAL epithelial cells (142) . This probe was used to determine H 2 O 2 responses to physiological increases in luminal flow in freshly isolated, microperfused mTAL of SD rats (142) . As shown in response to increased luminal flow (142 The effects of mitochondrial H 2 O 2 production upon whole cell (intracellular) H 2 O 2 responses were revealed using another novel and more sensitive fluorescent probe (PF6-AM), as shown in Fig. 5C . This probe enables quantification of changes in H 2 O 2 within the whole cell by localizing largely in the cytoplasm and in the nucleus, although entry into the mitochondria or other subcellular organelles such as endoplasmic reticulum cannot be excluded (41, 142) . Large increases in PF6-AM signals were observed in response to increases in mTAL luminal flow. In the isolated mTAL pretreated with rotenone (to eliminate the mitochondrial component), a 65% reduction of the PF6-AM response to increased luminal flow was observed. That is, increased production of mitochondrial H 2 O 2 was required to achieve maximum increases in intracellular H 2 O 2 . In studies where the mitochondria were the only probable source for changes in total cellular H 2 O 2, as was the case in apocynin-pretreated cells, the PF6-AM signal rose only minimally in response to increased mTAL luminal perfusion (Fig. 5C) .
From these observations, we have proposed that mitochondria are a key component of the signaling pathway for the overall production of cellular H 2 O 2 . Given that the membrane NAD(P)H oxidase production of ROS increases when stimulated by an increase in luminal flow or Na ϩ flux in the mTAL, the mitochondria appear to provide a "feed-forward" signal to membrane oxidases, resulting in an overall increase in intracellular H 2 O 2 (142) . Intercompartmental cellular signaling by ROS has been the subject of considerable interest and debate. It has been observed that vascular endothelial cells exhibit dual feed-forward loops, one from cell membrane Noxs that stimulates mitochondrial ROS, and the other from mitochondrial ROS stimulating the membrane Noxs (15, 46, 171) . However, as seen in Fig. 5C , H 2 O 2 produced from mTAL membrane NAD(P)H oxidase does not feed-forward to stimulate mitochondrial H 2 O 2 production, which occurs even in the presence of apocynin. Figure 6 summarizes our current working hypothesis of mitochondria-mediated signaling of membrane NAD(P)H oxidases. Illustrated is the Na ϩ flux-dependent stimulation of mitochondrial H 2 O 2 production which feeds forward to stimulate the membrane Nox2 and/or Nox4. As suggested in the schematic, this could lead to a vicious cycle whereby an increase in salt diet with increased delivery of NaCl to the mTAL could produce ever increasing amounts of intracellular H 2 O 2 , leading to greater interstitial levels of H 2 O 2. These mechanisms could be important not only in cellular energetics and renal injury, but also in the overall regulation of medullary VR blood flow, which would be consistent with what is found in Dahl salt-sensitive rats fed a high-salt diet (32) , as discussed in the following sections.
The precise signaling pathways and mechanism(s) whereby increased luminal flow and Na ϩ transport in the mTAL to signal the mitochondria to produce greater amounts of ROS are unclear. Based on what is known of the kinetics of the NKCC2 cotransporter and data observed in perfused rat mTAL (66, 72, 176) , it has been puzzling as to how changes in tubular [Na production as we have observed (142) . The three NKCC2 murine isoforms when expressed in Xenopus oocytes have been found to exhibit EC 50 values for Na ϩ ranging only from 3 to 21 mM (153). However, increases in mTAL intracellular H 2 O 2 were prevented by furosemide inhibition of the NKCC transporter, which is difficult to reconcile with such low K m values. In vivo luminal concentrations range from 60 to 160 mM (66), which are above the purported K m saturation levels of these key transporters. The net transport rate of mTAL Na ϩ is exceedingly high, ranging from 87 to 870 pmol·mm Ϫ1 ·min Ϫ1 (20) , which provides the mTAL segment with its remarkable capacity to "buffer" NaCl loads (66) . The isolated mTAL even ceases to reabsorb NaCl when the luminal perfusate contains only 50 mmol/l Na ϩ and/or if the flow rate is very low (20) . The answer to this enigma may reside in studies by Lee and McDonough (103) , which discovered that an increased luminal flow and Na ϩ delivery resulted in rapid insertion of Na ϩ /H ϩ and Na ϩ -phosphate cotransporters in the proximal tubules (124) and NCC transporters in the distal collecting ducts (103), thereby enabling a wide transport capacity. Similar insertion of Na ϩ transporters could occur in the mTAL, which needs to be explored.
The processes involved in mTAL ROS production are undoubtedly complex and appear to be activated by several intracellular pathways. Recent studies have clarified one of these pathways, which involves H ϩ transport in the mTAL that when activated stimulates a Nox-mediated production of O 2 ·Ϫ independently of active Na ϩ transport (85, 139) . By utilizing SS HV1
Ϫ/Ϫ mutant rats developed using zinc finger protease techniques, it was shown that the voltage-gated proton channel HV1 (37) is expressed in the mTAL membrane and contributes to O 2 ·Ϫ production in the SS rat. HV1 was found to respond to H ϩ efflux (85) and to changes in intracellular Na ϩ (directly or indirectly). As it is believed that an increased mTAL Na ϩ reabsorption occurs with high-salt feeding (107, 164) , it is proposed that this would result in depolarization and acidification of the mTAL, thereby promoting the opening of HV1 channels and contributing to O 2 ·Ϫ production and oxidative stress in the outer medulla. Consistent with this hypothesis, when fed a high-salt diet, SS HV1 Ϫ/Ϫ rats exhibited reduced hypertension and outer medullary renal injury and oxidative stress compared with wild-type SS rats (85) .
Medullary O 2 ·Ϫ , NO, and H 2 O 2 as Determinants of Blood Pressure Salt Sensitivity and Renal Injury
Enhanced sensitivity of blood pressure to salt intake is present in nearly half of Americans who are afflicted with hypertension (163), including ϳ75% of African American hypertensive patients (5, 177, 193) , who are at substantially greater risk of developing end-stage renal disease (135) . Human studies indicate that a loss of redox homeostasis and formation of excess free radicals in the kidney contribute to reduced Na ϩ excretory function and to the activation of proinflammatory and profibrotic pathways that exacerbate hypertension and lead to end-stage renal disease (31, 137) .
Dahl SS rat model. The SS rat, which mimics many aspects of progressive salt-sensitive human hypertension, has provided key insights and been used to identify a number of mechanisms and pathways which are believed to contribute to this form of hypertension. These include oxidative stress in the kidney (32, 95, 119, 139, 160 185,186), brain (54, 78, 82) , and vasculature (48, 96, 109) . Importantly, among these mechanisms is also the infiltration of immune cells into the kidney and related inflammatory responses that contribute significantly to ROS production, renal dysfunction, and hypertension (38 -40, 121, 123) .
SS rats exhibit a reduction of the pressure-natriuresis relationship (159, 162) even before high-salt feeding as a consequence of enhanced resorption of sodium and chloride in the mTAL (92, 161) . After SS rats are fed a high-salt diet for 2 wk, they develop hypertension that cannot be reversed by returning them to a low-salt diet (159) , which is associated with a reduced GFR (159, 162) , which together with glomerular and fibrotic injury shift the relationship between Na ϩ excretion and renal perfusion pressure to yet higher levels. One of the early responses in SS rats that occurs following initiation of a high-salt diet is the reduction of MBF. As shown in Fig. 7 , by day 3 of high salt, MBF in the SS rat was significantly reduced by nearly 30% but not in the salt-resistant control strain (125) , indicting that medullary ischemia is a leading event contributing to tubular injury in the outer medulla. Although it has been recognized that GFR is reduced in SS rats fed a high-salt diet, until recently it has been unknown whether an early reduction of GFR was importantly involved in the initiation of the hypertension or was a consequence of the hypertension. This question has recently been resolved by a study utilizing novel techniques to determine the progression of phenotypic changes that occur in SS rats when switched from a diet containing 0.4% NaCl to that of 4.0% (35) , as shown in Fig. 8 . MAP determined by telemetry is seen to rise quickly during the first week, followed by a progressive rise to 160 -170 mmHg by day 21 of high salt. Sequential changes in GFR were determined in these rats in the conscious state using a miniaturized device mounted on the back of the rat (165-167) enabling the determination of disappearance curves of FITC-sinistrin measured by transcutaneous excitation and real-time detection of emitted light through the skin of the dye injected from an implanted femoral venous catheter. These studies show that GFR was not significantly reduced in the SS rats until day 14 and then fell to 28% of control values by day 21 of the high-salt diet. In contrast to GFR, urine albumin excretion was clearly increased by day 7 of the high-salt diet preceding the reduction of GFR.
These functional studies are consistent with recent evidence indicating that ultrastructural abnormalities such as thickening of the endoplasmic reticulum occur in the mTAL of SS rats before the development of observable histological injury (71).
Additionally, we have recently found a greater increase in the number of proliferative mTAL cells in SS rats fed a high-salt diet (197) . Together, these studies indicate that early structural changes also contribute to the subsequent functional changes and perhaps the alteration in the redox state of the mTAL, leading to the development of hypertension in SS rats. The extent to which pathways identified with oxidative stress in the renal cortex are responsible for the progressive reduction of GFR in SS rats remains unclear and is currently being explored. Related to this is evidence that epithelial Na channel (ENaC)-mediated sodium absorption in the cortical collecting ducts is enhanced and contributes to hypertension in SS rats (152) . Inhibition of ENaC by chronic administration of benzamil significantly reduced salt-induced hypertension in SS rats. It was also found that mRNA and protein expression of ENaC subunits was significantly increased in the renal cortex of the SS rats fed a high-salt diet (87, 152) . Since it was previously reported that ROS might be involved in the control of ENaC (47, 81, 190) , these pathways may together act to amplify the development of salt-sensitive hypertension in SS rats. Further studies will be required to link ROS production with these tubular events in the cortex of SS rats.
Although the focus of this review is on ROS, it is important to keep in mind that the early reduction in MBF appears to be largely a consequence of the imbalance of NO and ROS found in the renal medulla of the SS rat and is exaggerated by a high-salt diet. Levels of medullary tissue NOS activity (187) , and mRNA and protein levels of NOS I, II, and III (201) are all significantly lower in the outer medulla of SS rats compared with several salt-resistant rat strains. The importance of reduced NO levels in the medulla of SS rats upon salt sensitivity was clearly evident when it was found that chronic medullary infusion of L-arginine, the substrate for NOS and NO production, when infused into the single remaining kidney of SS rats completely eliminated the reduction in MBF and abolished salt-induced hypertension (125) . This is consistent with the hypersensitization to vasoconstrictors discussed later in this review. The same appears to be the case in SHR compared with WKY rats in that untreated SHR exhibit significantly lower levels of endothelial and inducible NOS and a large accumulation of nitrotyrosine (2, 99, 204) .
Relative (150) . These studies not only confirmed that H 2 O 2 levels were increased in SS rats fed a high-salt diet compared with low salt but also that medullary H 2 O 2 levels were significantly higher than in the cortex.
There are a number of factors that contribute to the elevated levels of medullary ROS. Renal medullary tissue of SS rats exhibits O 2 ·Ϫ and H 2 O 2 concentrations nearly twice that found in salt-resistant consomic SS. 13 BN rats even in a prehypertensive state while receiving a 0.4% salt diet (186, 187) . SS rats excrete greater amounts of urinary 8-isoprostane levels than SS. 13 BN rats (133) . Isolated mTAL of SS rats exhibit greater production of O 2 ·Ϫ than mTAL of SS.13 BN rats (133) . The activity of several ROS-scavenging enzymes are also reduced in the outer medulla of SS rats including superoxide dismutase, glutathione peroxidase, and catalase (118, 187) . NOS uncoupling occurs in the renal outer medulla after 4 -6 wk of high-salt feeding as evidenced by nearly a 30% decrease in BH 4 with little change of BH 2 concentrations, and inhibition of O 2 ·Ϫ production in response to the administration of the NOS inhibitor L-NAME (187) .
As cited earlier in this review, a yet undetermined amount of the elevation of renal medullary ROS is related to the extent of infiltration of immune cells (121) . Increased renal infiltration of T lymphocytes occurs in SS rats, which has been found to contribute to the development of the later phase of hypertension in SS rats (38) . Treatment of SS rats with the immunosuppressive agent mycophenolate mofetil (MMF) was found to reduce T cell infiltration and attenuate salt-induced hypertension. However, the mechanism(s) whereby these infiltrated T cells contributes to hypertension remains unclear. It was further observed that intrarenal ANG II was inappropriately elevated in the kidneys of the SS rats fed high salt. The increased intrarenal ANG II was reduced in SS rats treated with MMF during the high-salt period. These data indicated that infiltrating immune cells participate in the production of intrarenal ANG II. The existence of a robust tubular production of ANG II of physiological importance has been established (136) . We have found that mTAL of SS rats when stimulated with ANG II produce greater ROS than mTAL of salt-insensitive consomic SS.13 BN rats (133) . However, the relationships between ANG II and infiltrating T cells remain to be clarified. It is well recognized that ANG II can stimulate excess production of ROS in many cell types (101) . The presence of ANG II in infiltrating cells of kidneys of hypertensive rats has been found using immunohistochemical and immunoblotting techniques (155, 157, 158) , although it is unclear whether this ANG II is actually produced intracellularly by T cells or merely sequestered by T cells. It is therefore possible that T cells could be one of the sources of the elevations of intrarenal ANG II in the SS rat or conversely that elevations of ANG II from other intrarenal sources stimulate both ROS and ANG II production in T cells. Together, these studies indicate that ROS production from T cells interacting with the intrarenal renin-angiotensin system could be one of the many contributors to increased oxidative stress in the kidneys of SS rats.
Both membrane NAD(P)H oxidase (Noxs) and the mitochondria are important sources of O 2 ·Ϫ production in both vascular and renal cells under physiological conditions (185) . Medullary O 2 ·Ϫ production in tissue homogenates is greater in SS rats, and the NAD(P)H oxidase inhibitor diphenylene iodonium preferentially reduced SS levels to those found in the salt-resistant control SS.13 BN rats. Dinitrophenol, a mitochondrial uncoupler, eliminated the remaining O 2 ·Ϫ production, indicating that Noxs and mitochondria accounted for nearly all of the tissue production in both strains. Inhibition of xanthine oxidase, NOS, and cyclooxygenase (COX) failed to lower tissue O 2 ·Ϫ production, indicating that Noxs and the mitochondria are the major sources of ROS production in the outer medulla. Consistent with these observations, both total NAD(P)H oxidase activity and protein expression of the p22 phox , p47 phox , and p67 phox Nox subunits are significantly higher in the outer medulla of SS compared with control SS.13 BN rats (51, 186) . Finally, yet other mechanisms that could contribute to enhanced ROS production in SS rats remain to be explored. For example, the COX-2 enzyme pathway has been found to be upregulated in response to high-salt intake apparently via an NF-B pathway, resulting in increased synthesis of PGE 2 (26, 69, 105, 122, 198, 200, 205, 207) . Specific inhibition of COX-2 in the renal medulla acutely reduces sodium excretion and when inhibited chronically produces salt-sensitive hypertension in SD rats (104, 105, 122, 183, 199, 207) . This is not the case with COX-1, which is constitutively expressed in the medullary collecting ducts and interstitial cells and is not altered by a salt diet (200) . Studies which have utilized tissue homogenates of the renal medulla of SS rats found that neither COX-1 nor -2 could account for the excess ROS production compared with salt-insensitive SS.13 BN rats. The COX inhibitor meclofenamate failed to lower ROS production in the renal medullary tissue of either SS or SS.13 BN rats (186) . There is at this time little evidence that elevated PGE 2 contributes to the elevated levels of ROS in the medulla of SS rats.
Overall, the excess production of medullary O 2 ·Ϫ in the outer medulla of SS rats appears to be explained by excess expression and activity of the Noxs until the final stages of the hypertension when NOS uncoupling contributes importantly to ROS production. It is the imbalance between both reduced NO and elevated O 2 ·Ϫ (and H 2 O 2 ) production in SS rats that appears to tilt the balance toward a state of oxidative stress even before a switch to a high-salt diet, which accelerates this process and leads to the rapid rise in arterial pressure and renal injury (32, 130, 133, 139) .
Contribution of medullary O 2 ·Ϫ and H 2 O 2 to hypertension in the SS rat. The contribution of excess ROS production in the renal medulla to hypertension has been investigated in a series of studies in which inhibitors of either Nox or H 2 O 2 were infused chronically into the renal medulla of a single remaining kidney of SS rats. As summarized in Fig. 9 , hypertension of SS rats was reduced by ϳ50% by the infusion of apocynin into the medullary interstitium to inhibit Nox activity which was associated with a 60% reduction of medullary interstitial levels at the end of 5 days of a 4.0% NaCl diet. No effect on either blood pressure or interstitial O 2 ·Ϫ was observed in the control SS.13 BN rats (186) . In addition to the evidence that H 2 O 2 plays an important role in affecting MBF, Na ϩ excretion, and hypertension salt sensitivity (115, 186) , there is also compelling evidence that chronic elevations of medullary H 2 O 2 contribute importantly to the development of hypertension in SS rats. As also shown in Fig.  9 , chronic infusion of catalase into the renal medulla of the SS rat significantly reduced salt sensitivity by ϳ50% with medullary interstitial fibrosis also reduced (186) . These results are consistent with observations that medullary H 2 O 2 infusion in SD rats (115) produced a salt-sensitive form of hypertension with elevations of H 2 O 2 concentrations in the medullary interstitium that were quite similar to those measured from the interstitium of SS rats fed a 4.0% NaCl diet (185, 186) . Together, these studies indicate that both O 2 ·Ϫ and H 2 O 2 production contribute to the salt sensitivity of the SS rat either in an additive or possibly synergistic fashion.
The enhanced rate of Nox-related O 2 ·Ϫ production together with reduced levels of catalase activity in the outer medulla probably account, in large measure, for the elevated interstitial levels of H 2 O 2 observed in SS rats (185) . However, studies indicate that fumarase insufficiency, an enzyme in the TCA cycle, also plays a functional role in the excess production of H 2 O 2 and hypertension in SS rats (189) . SS rats exhibit reduced levels of fumarase activity compared with SS.13 BN rats. Medullary interstitial infusion of a fumarate precursor in the SS.13 BN rats significantly increased medullary tissue H 2 O 2 and exacerbated salt-induced hypertension. Consistent with these observations, a proteomic analysis of isolated mTAL mitochondria found nine proteins to be reduced in SS rats compared with SS.13 BN rats (203) . The downregulation of these proteins was predicted to reduce the efficiency of mitochondrial O 2 utilization, which was confirmed by high-resolution respirometry of the mTAL cells and in mitochondria isolated from the outer medulla of SS rats. These studies revealed a largely unexplored role of mitochondrial and metabolic defects in the development of renal oxidative stress and hypertension in SS rats, which will require further investigation.
Which NAD(P)H oxidase isoforms likely contribute to excess renal medullary oxidative stress in SS rats?
As reviewed above, increased expression of Noxs appears to account for a large portion of the excess ROS production in the outer medulla of SS rats. The Nox family is composed of seven members, including Nox1-5 and the dual oxidases Duox1 and Duox2 (62) . Nox1-4 are all localized in plasma membranes, and ongoing studies are assessing the presence and localization of the various family members within the kidneys of rats and mice. Only three of the seven known Noxs (Nox1, -2, and -4) are expressed in rodent kidneys (24, 76) . Nox2 and Nox4 are abundantly expressed in the mTAL of the outer medulla, where Nox1 is either absent or in very low abundance (76) . p67 phox . p67 phox is known to be essential for the activation of Nox2 (9, 111, 138) . Immunohistochemical evidence from kidneys of SHR rats indicates that the Nox cytosolic subunit p67 phox is expressed in the TAL, macula densa, distal convoluted tubule, cortical collecting duct, and perhaps the outer and inner medullary collecting ducts (24) . Introgression of the salt-resistant p67 phox allele from the Brown Norway rat into the SS rat (congenic SS.13 BN26 ) (129) was found to significantly reduce salt-induced hypertension and renal injury (51) . The congenic SS.13 BN26 rats exhibited significantly lower levels of p67 phox mRNA, protein, and NAD(P)H oxidase enzyme activity in the outer medullary tissue compared with SS rats (51) . The overexpression of the p67 phox found in the outer medullary tissue of SS rats was unique as expression of other subunits forming complex with Nox2 including p22 phox , gp91 phox , p47 phox , or Rac1 (mRNA or proteins) were not different (51) . The cloning and sequencing of p67 phox yielded several genetic mutations of the SS allele of p67 phox in the promoter region that contributed to higher promoter activity (51) .
To directly assess the importance of p67 phox in the saltinduced hypertension of the SS rat, site-directed mutagenesis by the application of zinc-finger nuclease technology (58, 59) was used to create SS rats containing a null mutation of the p67 phox gene (51) . As shown in Fig. 10 , the functional importance of p67 phox in the development of salt-sensitive hypertension was established as MAP was reduced in p67 phox Ϫ/Ϫ rats by nearly 35% compared with their wild-type littermates. Renal oxidative stress was also reduced in these rats with levels of NAD(P)H oxidase, superoxide, and H 2 O 2 all significantly decreased in homogenates of renal outer medullary tissue collected after 14 days of high salt (8% NaCl) compared with the wild-type littermates. There was also a significant attenuation of renal injury as evidenced by significant reductions of proteinuria and outer medullary interstitial fibrosis, reduced macrophage (ED-1 staining) and T cell (CD-43 staining) infiltration, and a sixfold reduction in tubular protein casts (51) . Together, these data show that p67 phox is an important contributor to renal oxidative stress, hypertension, and renal injury in SS rats. Although mTAL-specific p67 phox knockout or transgenic rats have not been created yet, these approaches are now needed to determine the contribution of nonrenal tissues and organs such as blood vessels and the brain to the overall antihypertensive effects of the global mutation.
Nox4. The biochemical features of Nox4 have been well characterized, although the roles of this isoform in kidney function remain to be determined. As with other Nox isoforms, it colocalizes with and directly binds to the integral membrane protein p22 phox , which is necessary for its activity. Recent studies by Lyle and coworkers (110) have shown that Poldip2 [polymerase (DNA directed) delta-interacting protein 2] is a novel Nox4/p22phox-interacting protein which is a critical regulator of Nox4 activity. While these studies were focused on vascular smooth muscle cell migration and focal adhesion turnover, subsequent studies of RhoA/Rho kinase regulation upstream of the Poldip2 protein/Nox4 interaction in kidney myofibroblasts suggest a role in renal fibrosis (117) . This transcription factor may be important in the local regulation of ROS production in the mTALs although further studies will be needed to clarify its specific role in renal ROS production. Uniquely, however, Nox4 does not require the binding of cytosolic proteins such as p67 phox , p47 phox , or Rac1. It is also remarkable that Nox4 largely produces H 2 O 2 rather than O 2 ·Ϫ (170), which is thought to be a consequence of a highly conserved histidine residue in the E-loop of Nox4 that promotes the rapid dismutation of O 2 ·Ϫ within the protein itself (182) . Beyond its presence in the plasma membrane, however, the localization of Nox4 in other intracellular locations is controversial as different studies have suggested expression in mitochondria, the endoplasmic reticulum, the nucleus, and focal adhesions (28) . This lack of clarity may be attributed to the uncertainty of antibody selectivity, variations in staining approaches, splice variants (64) , and possible transitioning between intracellular compartments (3, 53, 110, 128, 191) .
Most studies related to the functional role of Nox4 have focused on the systemic and pulmonary vasculature where this isoform has been shown to be constitutively active, regulated at the gene level, and influenced by ANG II, shear stress/flow, hypoxia, and microRNAs (3, 53, 110, 128) . However, Nox4 is expressed at particularly high levels in the kidney (61, 120) , where it was first reported to be involved in cell growth (4, 63) . It has been proposed that Nox4 mediates renal fibrogenesis (12) and is a major contributor to oxidative stress in diabetic nephropathy (4, 63, 83) . Deletion of Nox4, but not Nox1 was found to provide renal protection from glomerular injury, attenuation of albuminuria, and preservation of the structure in ApoE Ϫ/Ϫ mice with streptozotocin-induced diabetes (83) . To the contrary, in vivo studies using knockout mice or Nox4 inducible mice with three models of renal injury (streptozotocin diabetes, unilateral ureteral ligation, and 5 ⁄6 nephrectomy) concluded that Nox4 H 2 O 2 production limited injury and disease progression (6) . Other studies from the same group using mice reported that Nox4 protects the systemic vasculature during ischemic or inflammatory stress while Nox1 and Nox2 mediate endothelial dysfunction (168) . [Renal Nox4 studies using rats are few. Mitochondria of rat renal NRK-52E cells (91) (proximal tubule-like) when stimulated with ANG II were reported to increase production of both O 2 ·Ϫ and H 2 O 2 .] Using freshly isolated mTAL of SD rats, Nox4 siRNA was found to reduce O 2 ·Ϫ responses to acute stimulation with either ANG II (120) or increased luminal flow (76) . Given the various cell types (human and mouse) that have been studied in culture plus the application of various nonselective inhibitors, it is not surprising that results between laboratories have been inconsistent and difficult to extrapolate to the intact organism. Much remains to be learned about the role of Nox4 in both normal and pathological kidney function.
Excess O 2 ·Ϫ and H 2 O 2 Production Relative to NO in mTAL Leads to Cross Talk Between mTAL and Surrounding VR Pericytes in SS Rats
Blood flow through the VR of the renal outer medulla is uniquely controlled by numerous pericyte cell bodies that impart contractility, allowing control of vascular resistance of these vessels at the capillary level (145, 148, 156) . As reviewed elsewhere, dysfunction of paracrine and autocrine signaling within the local outer medullary milieu may result in hypersensitivity of the medullary circulation to vasoconstrictor agents, medullary ischemia, and the development of hypertension (31) . This was demonstrated by studies in SD rats in which the renal outer medulla was chronically infused with a nonhypertensive amount of the NOS inhibitor L-NAME, which hypersensitized the rat to the effects of intravenously administered ANG II (178), norepinephrine (180), or vasopressin (179) . Low doses of these vasoconstrictor agents, which failed to produce hypertension when infused alone, resulted in sustained hypertension in SD rats when NO production in the renal medulla was specifically blunted by an infusion of L-NAME directly into this region. Importantly, the same hypersensitization to vasoconstrictors was found in SS rats, which naturally exhibit reduced production of medullary NO (181, 201) .
Since mTAL produce large amounts of both ROS and NO, the possibility of paracrine-like communication between the mTAL and surrounding VR (e.g., tubulovascular cross talk) was explored. Cross talk of free radicals between cells and neighboring tissues has been the subject of much interest and controversy. Although it remains unclear how sufficient amounts of O 2 ·Ϫ , H 2 O 2 , or NO could be released from mTAL epithelial cells and escape enzymatic degradation or interactions with other oxidizing molecules, there is compelling experimental evidence that this can occur under certain conditions (32, 90, 132, 140) . Using freshly isolated thin tissue strips from the inner stripe of the outer medulla and time-resolved fluorescence videomicroscopy techniques, it was found that mTAL of SS rats exhibited greater rates of O 2 ·Ϫ production in response to ANG II stimulation compared with SS. 13 BN rats (133) . To determine whether cross talk from mTAL to surrounding VR pericytes occurred, nonperfused VR vessels were stimulated with ANG II either alone or in the presence of surrounding mTAL while maintaining their natural anatomic relationships while NO-or O 2 ·Ϫ -sensitive fluorescent dye responses in the VR pericytes were recorded. These studies found that NO produced in mTAL of either SD or SS. 13 BN rats when stimulated by ANG II diffused to nearby VR pericytes (133) . In contrast, however, cross talk of O 2 ·Ϫ produced in the mTAL in response to ANG II was not observed in SD or salt-resistant SS.13 BN rats, which was prevented by the scavenging effects of NO as shown by an absence of O 2 ·Ϫ cross talk also in tissues pretreated with an NO scavenger (e.g., carboxy-PTIO) (133) .
Consistent with these observations, O 2 ·Ϫ cross talk from mTAL to the VR was clearly observed in the outer medullary tissue strips obtained from SS rats (133) . Medullary NO levels have been found to be significantly reduced in SS rats, and O 2 ·Ϫ cross talk is observed from the mTAL to the VR pericytes in a manner similar to the tissues from SS.13 BN or SD rats when the tissue strips are pretreated with the NO scavenger (133) . The SS rat strain is therefore a naturally occurring model in which O 2 ·Ϫ signaling from mTAL to VR appears to occur, at least within the context of the freshly isolated tissue strip. It is this phenomenon, we propose, that produces the excess free radicals in the mTAL of the SS rat fed a high-salt diet and results in the constriction of VR and the reduction of MBF (32, 33) .
Until recently, it was only assumed that if a vasoconstrictor released from the mTAL reached the contractile pericytes of the VR, there would be a resulting vasoconstriction and reduction of MBF. The first direct evidence was obtained using a unique in vitro model in which freshly isolated VR vessels were microperfused and stimulated with vasoactive agents either alone or in the presence of mTAL while maintaining their natural anatomic relationships. Dynamic 3D VR luminal diameter responses were determined together with changes in pericyte intracellular Ca 2ϩ (fura 2) in response to the application of ANG II. Exchange of the vehicle superfusate with bath medium containing ANG II resulted in a rapid and sustained reduction of VR diameter in the absence of surrounding mTAL in both SS and SS.13 BN control rats (Fig. 11) . Compared with SS rats, only a small transient rise of pericyte intracellular [Ca 2ϩ ] with an accompanying small transient reduction VR diameter was observed in VR isolated from SS. 13 BN when studied in the presence of surrounding mTAL (Fig. 11) . The salt-insensitive SS. 13 BN rat has a mechanism(s) that buffers the VR vasoconstrictor effects of ANG II, and this buffering substance comes from the surrounding mTAL. As was also demonstrated in this study, the in vitro data predicted in vivo medullary flow responses to ANG II whereby ANG II reduced outer MBF in the SS but not SS. 13 BN as determined by laser-Doppler flowmetry (141) .
These data indicate that tubular dysfunction in the SS rat contributes to enhanced medullary vascular sensitivity and may predispose these animals to the development of hypertension. However, it is not entirely clear which and how many different molecules may contribute to "tubulovascular cross talk." In agreement with our previous findings, reduced NOS activity examined by L-NAME pretreatment reduced but did not abolish buffering responses seen in the SS. 13 BN rats. Pretreatment of medullary tissue strips with the P2 receptor antagonist suramin (albeit it is a relatively nonspecific antagonist) substantially blunted the cross talk from mTAL (141), indicating a role for P2Y or P2X receptors in the regulation of MBF (11) . ATP and related nucleotides and PGE are known to be released in the renal outer medulla (8, 14, 23, 60, 102, 148, 172, 173) . Although it has been found that exogenous ATP stimulates pericytes and constricts VR (36), the complex role played by ATP and adenosine in the in vivo regulation of MBF and in tubulovascular cross talk remains to be explored.
In brief, a number of studies have shown that both O 2 ·Ϫ and NO (32, 33, 132, 133, 140) and perhaps ATP (141) produced in the mTAL can signal the pericyte cell bodies to constrict or dilate, responses which would modify renal MBF. The specific role of H 2 O 2 remains to be explored, although given the nature of this molecule it is a likely candidate for cross talk in the outer medulla since a paracrine function of this molecule as a vascular mediator in the peripheral circulation has been described (3) .
Other Intrarenal Sources of ROS Production in SS Rats
Summary. The hypotheses based on the data presented in this review are summarized in Fig. 12 . As shown, in a normal state (left, salt resistant) the data show that an increase in daily salt intake results in greater filtration of NaCl that would result in an increased delivery of Na ϩ and water to the mTAL. This stimulates increased production of NO and H 2 O 2 via mechanical signaling and increased metabolism driven by greater Na ϩ transport. Illustrated also is the hypothesis that the resulting increased Na ϩ flux stimulates greater mitochondrial H 2 O 2 production, which in some way signals greater activity of the membrane oxidases (Nox2 and -4) . Under normal conditions, the O 2 ·Ϫ produced in the mTAL does not successfully diffuse to the surrounding mTAL (e.g., cross-talk) due to the buffering actions of tissue NO. In contrast, when this redox balance is shifted toward greater production of ROS, in the face of reduced NO production (e.g., SS rats, right), medullary oxidative stress develops resulting in tubulovascular cross talk, reduction of MBF, Na ϩ retention, and hypertension. Although the many details of these events remain to be defined, there is little question that a shift in the redox balance and oxidative stress in the renal medulla results in a salt-sensitive form of hypertension.
